Water is gradually becoming scarce in Afghanistan like in many other regions of the globe. The objective of this study was to evaluate the spatial changes in the availability and sustainability of water resources in Afghanistan. The Terrestrial Water Storage (TWS) data of the Gravity Recovery and Climate Experiment (GRACE) satellite obtained from three different institutes, having 1 • × 1 • spatial resolution for the period 2002-2016 was used for this purpose. Sen's slope method was used to assess the rate of change, and the Modified Mann-Kendall test was used for the evaluation of the significance of trends in TWS. After, the concept of reliability-resiliency-vulnerability (RRV) was used for assessing the spatial distribution of sustainability in water resources. The results revealed a significant decrease in water availability in the country over the last 15 years. The decrease was found to be highest in the central region where most of the population of the country resides. The reliability in water resources was found high in the northeast Himalayan region and low in the southwest desert; resilience was found low in the central region, while vulnerability was found high in the south and the southeast. Overall, the water resources of the country were found most sustainable in the northeast and southwest and least in the south and the central parts. The maps of water resource sustainability and the changes in water availability produced in the present study can be used for long-term planning of water resources for adaptation to global changes. Besides, those can be used for the management of water resources in a sustainable and judicious manner.
Introduction
One of the challenges faced by many countries around the globe today is attaining adequate water supply considering both increasing human water demands and looming climate-related changes. It has been projected that half of the population of the world may be faced with clean water shortage by 2080 [1] . Estimates by the Intergovernmental Panel on Climate Change (IPCC) show that by 2050, 2 billion people will not have access to clean supplies of water, which will double the number of people already lacking access to consistent safe supplies of water. Most parts of Asia will likely be more affected by water scarcity due to the fast rise in temperature and alteration in precipitation pattern [2] [3] [4] . The situation will be aggravated by groundwater pollution [5] and continuous increase in population and lesser coping capabilities to climate change [6] [7] [8] [9] .
Climate change has significant impacts on several sectors including agriculture, health, water resources, energy, and industry among others. Of these, the water resources sector will be the most affected by the variability of the climate, and this will subsequently impact other sectors [10] [11] [12] [13] causing severe economic loses. The dynamism of climatic variables has been reported in many studies, particularly, changes in rainfall [14] [15] [16] [17] [18] [19] and temperature [20] [21] [22] [23] [24] . This has aggravated the risks of disasters including droughts which may further compound the water resources issue across the globe [25] [26] [27] , including over-abstraction, which would increase in the near future [28] [29] [30] particularly with an expected increase of the impacts of climate change [31, 32] . As a finite resource, the supply of fresh water is difficult to increase and thus, it is paramount to prudently manage the limited water resources to meet the ever-increasing demand of growing population and developing economies [33] [34] [35] . This is particularly crucial in the Himalayas and nearby regions where water held as ice and snow in mountainous areas is melting faster due to climate change [36, 37] . This will leave less available water during the dry seasons. Afghanistan, a semi-arid to arid nation receives between 200-500 mm rainfall per year and often faces prolonged droughts [38] . The 2017 Global Adaptation Index ranked Afghanistan as the 11th most vulnerable country worldwide to climate change [39] . Water availability for the purpose of irrigation in Afghanistan is dependent on effective rainfall as well as the availability of surface and groundwater resources, which in turn depend on the spatial and temporal distribution and amount of rainfall [40] . Although nearly half of the country has an arid climate, it is estimated that Afghanistan possesses 76 billion m 3 of potential water resources of which 20 billion cubic meters is groundwater [41] . Around 98% of the 20 billion m 3 of annual water is used for agriculture [42] , and the rest is used for domestic and industrial purposes. Three billion-m 3 of the total water usage is extracted from groundwater. This figure is expected to increase to 8 billion m 3 by the projected increase of water requirement of the domestic and irrigation use. Nearly 20% of Afghanistan's irrigated land uses Karizes and shallow wells to extract groundwater. Due to the recent decreasing trend in the groundwater levels [43] , 70% of Karizes and shallow wells are drying out [40, 44] . Furthermore, 80% of the population of the country gets their income from agricultural practices and cattle herding [45] . This implies that changes in water resources will significantly affect the agricultural sector. For efficient management of water resources and development of scientifically validated management tools, spatiotemporal variability information is crucial. Such information assists in the establishment of water mass balances which can aid sustainable water resource use most importantly in semi-arid and arid environments of the country where water resource is scarcer.
Few studies on climate change and droughts, which are the main trigger for water scarcity, have been conducted in Afghanistan [46, 47] . No study on spatial and temporal changes and sustainability in water resources has been conducted so far. However, studies conducted in regions around Afghanistan have shown changes in the availability of water due to climate change. Ahmed, Shahid [48] assessed the changing characteristics of water resources over the period of 2002-2016 in Pakistan and observed a significant aquifer storage decrease over the study period. The areas where agricultural practices are more intense were found to have a greater decline in groundwater level as a result of overexploitation of the resource for irrigation purposes. The spatiotemporal trend in water storage during 2003-2008 was assessed by [34] in the Tangnaihai basin in China. Their study revealed that the water storage changes are more in the western part than in the eastern part, and the trend of water storage is increasing in annual scale at the rate of 0.5 mm/month. Though Afghanistan is in the same region with the aforementioned countries, Pakistan and China, a local assessment of the spatiotemporal changes in total water resources for the country is crucial due to geological and climatic variations across the region. In addition, this is paramount for the country for the development of sustainable water resource management and adaptation strategies under a changing climate.
Terrestrial water storage (TWS) is the total land and subsurface water [49] . It represents all water in river, lakes, ice, soil, and groundwater and indicates the total water available at a location. Collecting data from all forms of water available in a region is very difficult and almost impossible in developing countries. Gravity Recovery and Climate Experiment (GRACE) satellite provides information on TWS at a resolution of 1 • × 1 • and gives the opportunity to assess and monitor the availability of the total amount of water in any region of the world. In the present study, GRACE TWS data was used for assessing the changes in water availability and spatial distribution of water sustainability in Afghanistan. Sen's slope method was employed for assessing the rate of change in TWS and Modified Mann-Kendall (MMK) test was used for the evaluation of the significance of trends in TWS for the period 2002-2016. The reliability-resiliency-vulnerability (RRV) concept was employed in assessing the sustainability in water resources. The RRV concept has been used for assessing sustainability against the risk of natural or anthropogenic hazards [36, 37, 50] . The concept of RRV for the assessment of sustainability in water resources against hydrological disasters like droughts has not been explored and implemented in a number of studies [51] [52] [53] . However, the concept has been used to assess sustainability in total water resources. The concept was applied on TWS anomaly data of GRACE for the period 2002-2016 obtained from three different institutes, which allowed to assess uncertainty in sustainability estimated using GRACE TWS. The proposed method in this study is expected to be replicated in other regions for assessment of total water sustainability. The reliability, resiliency, vulnerability, and sustainability maps of total water resources produced in this study can be of use in adaptation and mitigation measures planning for achievement of sustainable water resources management for Afghanistan.
Study Area and Datasets
Afghanistan, bounded by geographical coordinates 29 • 35 N-38 • 40 N latitude and 60 • 31 E-74 • 55 E longitude, is located within the southwest area of Central Asia (Figure 1 ). It is bordered by Uzbekistan, Tajikistan, and Turkmenistan in the north; to the west by Iran; Pakistan to the southeast; and China in the northeast. Afghanistan's territory covers 652 thousand km 2 . The topography of the country is highly undulating with 75% are occupied by mountains. The country has a population of 34 million, out of which more than 70% live in rural areas [54] .
The climate of Afghanistan is subtropical and continental, in which summers are hot and sunny while winters are often cold and relatively rainy. The climate zones of the country are five according to Köppen-Geiger climate classification: arid desert, arid steppe, temperate dry summer, cold dry summer, and polar tundra ( Figure 1 ). The annual average of total rainfall of the country is 300 mm. However, the differences in rainfall are substantial and vary according to the altitude and area. The south is very dry, covered mostly by desert, and because of altitude, many areas are cold. Because of the part effects of the Indian monsoon, the Far East is relatively rainy even during the summer. This area also experiences a broad range of variations in temperature. The mean temperature in July on the plains is of the range 0-8 • C with the absolute minimum temperature ranging from −20 to −25 • C. The mean temperatures in July on the plains range from 24 to 32 • C with a 45 • C absolute maximum temperature [30] . The climate of Afghanistan is subtropical and continental, in which summers are hot and sunny while winters are often cold and relatively rainy. The climate zones of the country are five according to Köppen-Geiger climate classification: arid desert, arid steppe, temperate dry summer, cold dry summer, and polar tundra ( Figure 1 ). The annual average of total rainfall of the country is 300 mm. However, the differences in rainfall are substantial and vary according to the altitude and area. The south is very dry, covered mostly by desert, and because of altitude, many areas are cold. Because of the part effects of the Indian monsoon, the Far East is relatively rainy even during the summer. This area also experiences a broad range of variations in temperature. The mean temperature in July on the plains is of the range 0-8 °C with the absolute minimum temperature ranging from −20 to −25 °C. The mean temperatures in July on the plains range from 24 to 32 °C with a 45 °C absolute maximum temperature [30] .
A major challenge facing hydrological studies in many parts of the globe is the inadequacy/ unavailability of long records of terrestrial water monitoring [11, 55, 56] . To address this, the satellitebased TWS monitoring data of GRACE has gained popularity in use in recent years [57] . GRACE provides the change in TWS relative to the time-mean of the base period (2003) (2004) (2005) (2006) (2007) . The GRACE satellites measure the gravitational field of the Earth. The monthly change in observed gravity is mainly caused by the change in the surface mass of Earth which is indeed mainly caused by the change in water storage [58] . In order to filter out the noise while preserving the real geophysical signal, two methodologies have been used, the spherical harmonic and the mass concentration blocks (mascons) data versions. There are three GRACE solutions derived from the standard spherical harmonic approach (JPL, CSR, and GFZ) [58] [59] [60] [61] [62] and two from the mascon approach (GSFC, JPL, and CSR) [63] [64] [65] [66] . Studies revealed analysis of TWS anomaly of different GRACE solutions yield difference in results for GRACE solutions derived using different approaches [67, 68] . However, studies also revealed a high correlation in GRACE mascons and spherical harmonics solutions (rank correlation coefficients mostly >0.9) [69] . The present study is limited to three GRACE solutions (JPL, CSR, and GFZ) derived from the standard spherical harmonic approach. The description of the data is provided in Table 1 The use of GRACE data from three sources would help to understand the uncertainty in TWS in the study area. A major challenge facing hydrological studies in many parts of the globe is the inadequacy/unavailability of long records of terrestrial water monitoring [11, 55, 56] . To address this, the satellite-based TWS monitoring data of GRACE has gained popularity in use in recent years [57] . GRACE provides the change in TWS relative to the time-mean of the base period (2003) (2004) (2005) (2006) (2007) . The GRACE satellites measure the gravitational field of the Earth. The monthly change in observed gravity is mainly caused by the change in the surface mass of Earth which is indeed mainly caused by the change in water storage [58] . In order to filter out the noise while preserving the real geophysical signal, two methodologies have been used, the spherical harmonic and the mass concentration blocks (mascons) data versions. There are three GRACE solutions derived from the standard spherical harmonic approach (JPL, CSR, and GFZ) [58] [59] [60] [61] [62] and two from the mascon approach (GSFC, JPL, and CSR) [63] [64] [65] [66] . Studies revealed analysis of TWS anomaly of different GRACE solutions yield difference in results for GRACE solutions derived using different approaches [67, 68] . However, studies also revealed a high correlation in GRACE mascons and spherical harmonics solutions (rank correlation coefficients mostly >0.9) [69] . The present study is limited to three GRACE solutions (JPL, CSR, and GFZ) derived from the standard spherical harmonic approach. The description of the data is provided in Table 1 . The use of GRACE data from three sources would help to understand the uncertainty in TWS in the study area.
The GRACE data are available for the period April 2002 to December 2016 with some missing monthly values. The missing data were estimated through linear interpolation of values. In the present study, data from 85 grid points were used to cover entire Afghanistan. The locations of the grids are shown in Figure 1 . 
1.
The GRACE TWS anomaly data with a spatial resolution of 1 • × 1 • was extracted for 85 grid points of Afghanistan for 2002 to 2016 period.
2.
Estimation of the mean TWS for each year for the preparation of the annual time series of the TWS at each of the grid points.
3.
The estimation of the trends in TWS was conducted using Sen's slope and the modified Mann-Kendall (MMK) test was used for the assessment of the significance in change.
4.
The RRV concept was employed for assessing the TWS reliability, resiliency, and vulnerability at each of the grid points.
5.
The results were analyzed for understanding the factors causing the changes in terrestrial water sustainability in Afghanistan.
Details of the method are provided in the following sections.
Assessment of Trends in Water Availability
The trends in TWS of Afghanistan were assessed in order to understand the changes in total water availability in the country. The magnitue of the changes in TWS was estimated using Sen's slope [70] while the significance of the changes was estimated by the modified Mann-Kendall (MMK) trend test [71] . In the Sen's slope method, time series (Q med ) changes are computed as the median of N slopes estimated from consecutive two points of the series as follows.
The significance of the trend in TWS was assessed using the MMK test. The classical Mann-Kendall test statistic (S) for a time series, x with n number of data points is calculated as follows,
where
The significance of the trend is calculated by using Z statistics as follows,
where Var (S) is the variance of S.
In the MMK test [72] , the significant trend estimated using the MK test is firstly removed from the time series. Then, equivalent normal variants of rank (R i ) of the de-trended series is estimated as, where, φ −1 is the inverse standard normal distribution function. The correlation matrix of self-similarity of the time series or the Hurst coefficient (H) is derived by using the following equation:
where, ρ l is the autocorrelation function of lag l for a given H. The value of H is obtained using maximum log likelihood function. The significance level of H is determined by using mean and standard deviation for H = 0.5. If H is found significant, the biased estimate of the variance of S is calculated for given H as,
The bias in estimation of V(S) H is removed using a bias correction factor, B as below:
Assessment of Sustainability in Water Resources
Sustainability (S) is considered a function of the resiliency, reliability, and vulnerability of TWS in this study. It is calculated as [50] :
The estimation of the reliability, resiliency, and vulnerability was done using the standardized TWS anomaly data. In this study, a threshold of −1 which defines the declination of TWS below one standard deviation from the mean was considered.
The reliability of TWS is defined as how often it falls below the normal conditions [57, 73] . The resiliency is the possibility of the TWS to regain its normal level after an event, i.e., after a drop, while the vulnerability is the measure of the magnitude or extent of an event. Division of vulnerability by the demand gives the dimensionless vulnerability. The reliability, resiliency, and the dimensionless vulnerability are calculated based on this concept.
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M in Equations 11-14 is a representation of the total number of TWS negative changes, d is the event duration, T is the number of time intervals, and v is the vulnerability. In this study, the demand was considered −1, and expectations are that TWS should not go below the one standard deviation from the mean. The details of the method are illustrated in Figure 2 . 
Assessment of the Spatial Patterns of the
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Assessment of the Spatial Patterns of the Changes
There is variation in sustainability and relating parameters over space and time [74, 75] . In order to better understand the changes of these parameters, analysis of the spatial water sustainability is required. However, there is a need for information from several locations or sites for such analysis particularly over a large area [43] . ArcGIS 10.4 is an important tool which has the ability to provide varying ways of displaying an event spatially on a map [76, 77] . In this present study, thus, the changes in TWS, reliability, vulnerability, resiliency, and sustainability are given for each GRACE grid point by the use of map symbology (e.g., points) of ArcGIS for the preparation of the maps. The magnitudes of the changes are represented by different colours in order to understand the magnitude of the changes.
Results

Monthly and Yearly Temporal Pattern in Terrestrial Water Mean Storage
The monthly anomalies of the TWS gridded data of the five climate zones of Afghanistan were averaged and presented as level plots in Figure 3 . The figure is prepared using the data from three GRACE solutions (CSR, GFZ, and JPL). Overall, the three solutions clearly revealed a similar pattern in variations of TWS among months and years over each climatic zone. A monthly cycle of a positive and negative anomaly of TWS was observed in the polar, tundra climate zone of Afghanistan during 2002-2015 ranging between 40 cm to −35 cm. The positive anomaly of TWS was mainly observed from February to July, and it was negative in the rest of the year. The same cycle was observed in the early years for other climate zones (arid, desert; arid, steppe; temperature, dry summer; and cold, dry summer). However, the period of the negative anomaly of TWS has become longer in these four climate zones especially for arid, desert climate zone and the positive anomaly of TWS became rare in recent years. The negative anomaly of TWS has become more intense in recent years reaching −25 cm in November and December. 
Spatial Patterns of Terrestrial Water Storage
Temporal variability of TWS provides an understanding of reliability in water resources. The spatial patterns in the variability of TWS anomaly estimated by the three GRACE solutions are presented in Figure 4 . The variability values are divided into five classes, and they range from 0.00 Precipitation in winter is the cause of positive TWS in winter and post-winter periods. The use of water for agriculture and other purposes causes a gradual decrease in TWS in the following months. Longer period of negative TWS in recent years means more water is abstracted or less precipitation in winter. The less amount of water or overuse of water causes rapid exhaustion of water resources and a negative anomaly of TWS for a longer period in a year. 
Temporal variability of TWS provides an understanding of reliability in water resources. The spatial patterns in the variability of TWS anomaly estimated by the three GRACE solutions are presented in Figure 4 . The variability values are divided into five classes, and they range from 0.00 to 20.86. High variability in TWS indicates less reliability in water resources and vice versa. The figures show that variability is low in the southern regions and high in the northeast while most of the central regions also have high values in the range of 4.16 to 7.56. Overall, the regions in the arid climate have the lowest variability while the highest variability was observed in the polar tundra climate in the range of 11.45 to 20.86. It can be observed that all solutions have more or less similar patterns with minor differences. 
Trends in the Terrestrial Water Storage
The spatial patterns of the changes in TWS estimated using the CSR, GFZ, and JPL GRACE solutions are presented in Figure 5 . Using Sen's slope, the rates of change were estimated and presented using different colors. If the rate of change was found significant at a grid point using the MMK test at the 95% level of confidence, a node symbol was added at the location of the grid point in the map. The rate of change was divided into five classes ranging from 0.01 to −3.47. The figure showed that most of the area has negative change while a small area in the northeast has positive change. The figure shows a significant decrease in water resources in most of Afghanistan by all the three GRACE solutions. The highest significant decrease was found in the central region at a rate of −3.47 to −1.89 cm/year. The same can be noticed in all solutions. The southwest region of Afghanistan (arid, desert climate) has a significant decreasing change in the range of −0.43 to 0.00 cm/year by the three solutions. The northwest region (temperate, and cold dry summer) has a decreasing TWS at a rate of −1.88 to −0.44 cm/year. The TWS in the southeast regions (cold, dry summer and arid, steppe climate) was decreasing at a rate ranges between −0.89 and 0.00 cm/year. 
Reliability, Resiliency, Vulnerability, and Sustainability
The reliability, resiliency, vulnerability, and sustainability index of TWS were calculated at each grid point of GRACE and presented in Figure 6 . The maps prepared using TWS data of different GRACE solutions are given in different columns in the figure. Consistence results were observed in 
Trends in the Terrestrial Water Storage
Reliability, Resiliency, Vulnerability, and Sustainability
The reliability, resiliency, vulnerability, and sustainability index of TWS were calculated at each grid point of GRACE and presented in Figure 6 . The maps prepared using TWS data of different GRACE solutions are given in different columns in the figure. Consistence results were observed in estimated reliability from all the solutions. Overall, the reliability values estimated using the three solutions were high (0.80-0.86). The highest value of reliability was observed in the northeast region 
The reliability, resiliency, vulnerability, and sustainability index of TWS were calculated at each grid point of GRACE and presented in Figure 6 . The maps prepared using TWS data of different GRACE solutions are given in different columns in the figure. Consistence results were observed in estimated reliability from all the solutions. Overall, the reliability values estimated using the three solutions were high (0.80-0.86). The highest value of reliability was observed in the northeast region (polar, tundra climate) (0.86) and the least in the southwest and west regions (0.80). In the case of resiliency in TWS, large spatial variation was observed in a range between 0.18 and 0.55. The difference in the spatial pattern in resiliency was also observed among the GRACE solutions. The CSR showed a bit different spatial pattern of resiliency than GFZ and JPL especially in the northeast and west areas of Afghanistan. However, the grids in the northwest area showed the lowest resiliency values (0.18-0.32) for all the three solutions. Furthermore, the three solutions showed a common value of resiliency in the north and the east area (0.38-0.43). The highest value of resiliency (0.48-0.55) was observed in the south for CSR and JPL GRACE solutions. The spatial distribution of vulnerability in total water storage revealed that the northeast and central regions of the country has the least vulnerable areas as they have the lowest vulnerability values of 0.00-0.35. In contrast, the southeast and east regions are the most vulnerable.
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Discussion
This study reveals that the CSR, GFZ, and JPL GRACE solutions TWS data are similar in patterns in the different months of the years considered in the study. In the arid desert climatic region, there was a sudden change in the positive TWS anomaly after 2008 to a negative one till 2016, which occurred for all the months except for few. The lesser changes in the TWS anomaly in this area are probably due to there being fewer inhabitants due to its aridity. In the mountainous Polar Regions of the country, the influence of the changes in the seasons on TWS anomaly can be observed. For example, TWS is observed to shift from negative to positive after the temperatures rise in spring (March to May) and snowmelt occurs. After the snowmelt, a drastic decline in water storage is observed from the summer season (June to August) to the end of autumn (November). A generally negative trend in TWS anomaly was observed for the other regions for all the three solutions indicating that water storage generally decreased over the study period in Afghanistan.
The spatial patterns of the variability of the TWS for the three solutions also showed that the arid area where rainfall is lower and less inhabited has lower variability in TWS. Contrary to this, the northeast and the central parts of the country, which get snow, have the highest variability in TWS in the country. This may be due to higher water use in the region [78] . The spatial distribution of croplands of Afghanistan [79] is shown in Figure 7 . The figure shows croplands are mostly located in the north and northeast of the country while there are almost no croplands in the southwest [80] . Agriculture is the major user of water resources in the country. About 98% of the water in Afghanistan is used for agriculture. TWS was found to vary more in the north where there is more agricultural activity. It can be inferred that higher withdrawal of water for agriculture in the north and northeast have made the TWS highly variable in the region. 
The spatial patterns of the variability of the TWS for the three solutions also showed that the arid area where rainfall is lower and less inhabited has lower variability in TWS. Contrary to this, the northeast and the central parts of the country, which get snow, have the highest variability in TWS in the country. This may be due to higher water use in the region [78] . The spatial distribution of croplands of Afghanistan [79] is shown in Figure 7 . The figure shows croplands are mostly located in the north and northeast of the country while there are almost no croplands in the southwest [80] . Agriculture is the major user of water resources in the country. About 98% of the water in Afghanistan is used for agriculture. TWS was found to vary more in the north where there is more agricultural activity. It can be inferred that higher withdrawal of water for agriculture in the north and northeast have made the TWS highly variable in the region. The rate of change of trends of the TWS estimated by the use of Sen's slope showed that aside from the far northeast area of the country, the observed changes were negative. These negative changes in TWS were significant for almost the entire country except for part of the northeast. This indicates that total water resources in the country are declining with time. Obtained results were analyzed along with the rainfall and temperature trends of the country to understand the causes of declination in water resources. The trends in the annual total precipitation and the annual mean of daily temperature are presented in Figure 8 . The gridded Global Precipitation Climatology Center The rate of change of trends of the TWS estimated by the use of Sen's slope showed that aside from the far northeast area of the country, the observed changes were negative. These negative changes in TWS were significant for almost the entire country except for part of the northeast. This indicates Sustainability 2019, 11, 5836 12 of 17 that total water resources in the country are declining with time. Obtained results were analyzed along with the rainfall and temperature trends of the country to understand the causes of declination in water resources. The trends in the annual total precipitation and the annual mean of daily temperature are presented in Figure 8 . The gridded Global Precipitation Climatology Center (GPCC) precipitation and Climate Research Unit (CRU) temperature for 1961-2010 period were used for this purpose. The colors in the maps are used to show the rate of change per decade while the plus and minus symbols are used to show the significance of the changes. The figures show that the temperature of the entire country except in a small patch in the southwest is increasing significantly. The rate of temperature rise is high in the west (0.14 • C/decade) where the annual mean temperature is high and low in the north (<0.06 • C/decade) where the annual mean temperature is lower. It means that temperature is increasing more in regions of high temperature and less in low-temperature region. The spatial distribution of precipitation trends show an increase at a few locations in the northeast and a decrease in the southeast. The rate of temperature rise is high in the west (0.14 °C/decade) where the annual mean temperature is high and low in the north (<0.06 °C/decade) where the annual mean temperature is lower. It means that temperature is increasing more in regions of high temperature and less in low-temperature region. The spatial distribution of precipitation trends show an increase at a few locations in the northeast and a decrease in the southeast. Declination of TWS in different regions of Afghanistan can be justified with the trends in climate. Higher evapotranspiration due to rises in temperature and no change in precipitation have caused a reduction in TWS in most parts of the country. This is accelerated due to the higher use of water for agriculture. Declination in TWS was higher in the north where there is more agricultural activity. Besides, large declination of TWS was found at Kabul which may be due to higher abstraction of water for residential and commercial activities. The agricultural activities in the southwest are very limited. However, declination of TWS in the region may be due to the decrease in rainfall as shown in Figure 8 . Even though water withdrawal for agricultural purposes is high in the northeast, there were no significant changes in TWS due to an increase in precipitation in the region. The results indicate that climate change plays a significant role in the declination of water resources in Afghanistan. Sustainable management of water resources through prudent use of this precious resource is very important for the country to combat climate change.
The RRV analysis revealed that the reliability of water is highest in the polar; tundra region followed by the central arid steppe and the cold; dry summer regions. The least observed reliability occurred at the southwestern arid area. Resiliency in water resources was estimated to be highest at the southwestern arid and the north-eastern polar, tundra areas by the GFZ and the JPL solution, while the CSR solution shows the highest resiliency in the cold dry summer area. The vulnerability in water resources was highest in the northeast and the south-east of the country while the least vulnerable area was the north-west region of temperate, dry summer and cold, and dry summer areas. The sustainability of water resources in Afghanistan was observed to be least in the south-east area where the vulnerability was highest for the GFZ and the JPL solutions. Sustainability was observed to be highest in the north-central and northeast for the CSR solution. For the GFZ and the JPL solutions, the sustainability of water resources was highest in the northeast and the south-west parts of the country. Increasing rainfall in the northeast and less use of water in the southwest probably made the region more sustainable in water resources.
The sustainability map obtained using CSR was found to be somewhat different from the one Declination of TWS in different regions of Afghanistan can be justified with the trends in climate. Higher evapotranspiration due to rises in temperature and no change in precipitation have caused a reduction in TWS in most parts of the country. This is accelerated due to the higher use of water for agriculture. Declination in TWS was higher in the north where there is more agricultural activity. Besides, large declination of TWS was found at Kabul which may be due to higher abstraction of water for residential and commercial activities. The agricultural activities in the southwest are very limited. However, declination of TWS in the region may be due to the decrease in rainfall as shown in Figure 8 . Even though water withdrawal for agricultural purposes is high in the northeast, there were no significant changes in TWS due to an increase in precipitation in the region. The results indicate that climate change plays a significant role in the declination of water resources in Afghanistan. Sustainable management of water resources through prudent use of this precious resource is very important for the country to combat climate change.
The sustainability map obtained using CSR was found to be somewhat different from the one obtained using GFZ and JPL. The raw GRACE data are processed using complex inverse models which require to consider many parameters and solution approaches. This causes a difference in results obtained using different GRACE solutions. Jing, Zhang [68] assessed the trends and the variations of different GRACE solutions over Tibetan Plateau and found a different magnitude of change in CSR TWS anomaly than in the JPL and GFZ TWS anomaly. Scanlon, Zhang [69] also showed differences in water storage trends in different GRACE products in different major river basins of the world. The differences in results obtained using different GRACE solutions give a presumption of the uncertainty in TWS changes in Afghanistan.
Overall, the study revealed that human activities such as overexploitation of water for agriculture (in the north) and for domestic purposes (in the central region) have caused a declination of TWS in Afghanistan. Excessive use of water for irrigation has made the TWS highly variable and reduced sustainability in water resources of the country. Besides the human pressure, the changes in climate are also playing a role in declination of sustainability in water resources of Afghanistan.
The findings from this present study corroborate the findings of few studies conducted in the nearby countries, such as [34, 43, 48, 76] which showed a generally decreasing trend in the water storage and increasing aridity [81, 82] in the Central Asia region. This emphasizes how important it is to conserve and improve water resources management in the region, particularly for Afghanistan where more populace would need the resource for irrigation purposes in the future as the population continues to grow and the climate continues to change.
Conclusions
A study was conducted to map the spatial patterns of terrestrial water storage changes from three spherical harmonic GRACE solutions (CSR, GFZ, and JPL) and assessment of sustainability in water resources over Afghanistan for the period 2002 to 2016. The changes in available water were estimated using Sen's slope. MMK was used to verify the significance of trends at a 95% level of confidence. The results of the study showed positive TWS mainly from February to July and negative in the rest of the year. The yearly variations showed that negative anomaly of TWS has been more intense in recent years. The results also showed that variability of TWS is low in the southern regions and high in the northeast while most of the central regions have a value of 4.16 to 7.56. Trend analysis showed that the southwest region has a significant decreasing change in the range of −0.43 to 0.00 cm/year. The TWS was found more sustainable in the eastern regions. Overall, all GRACE solutions showed more or less similar results. Therefore, it can be concluded with confidence that water resources in Afghanistan are decreasing with time. Although the information on the water use activities is unavailable in Afghanistan, the low sustainability in water resources in intense agriculture area indicates overexploitation may be the main cause of water stress in the region. Climate change may also play a role in the declination of water resources in the country. High rise in temperature and almost no change in precipitation may be the cause of declination of water resources in many regions. The present study was limited to GRACE spherical solutions. Further work can be conducted to assess the uncertainties in the TWS sustainability using the GRACE mascon solutions. 
